Polyketides are a diverse family of natural products with highly significant medicinal properties exemplified by innumerable FDA approved commercial drugs [14] . Many of the lucrative polyketides are proficiently assembled by biosynthetic gene clusters encoding type I polyketide synthases (PKS) enzymes. The modular functionality of these catalytic enzymes involves sequential initiation, elongation and extension steps of the polyketide scaffolds [3] . The enzymatic deconstruction of multi-domain fragments can be potentially re-engineered/reprogrammed (termed "lego-ization") for targeted small molecule biosynthesis through genetic manipulations [11] . PKS modules of the biosynthetic cluster are generally encoded as keto-synthase (KS), acyltransferase (AT), and acyl carrier protein (ACP) for carboxyl acid synthesis, and ketoreductase (KR), dehydratase (DH) and enoylreductase (ER) domains for reduction processes [6] . The modularly processed metabolites are finally presented to the termination module thioesterase domain (TE), which cleaves the functionalized polyketide chain to yield the concluding product [7] . Type I PKS TEs are specific in the chemistry they catalyze, producing metabolites either through macrocyclization, such as the pikromycin (PIK) [10, 13] , or through hydrolysis, such as in baulamycins and tautomycetin (TMC) (Fig. 1) [2, 12] . The pikromycin biosynthetic pathway, which is involved in producing 12-and 14-membered macrolactones from Streptomyces venezuelae, has been extensively studied both structurally and functionally [1, 8] . The pathway yields two Abstract Tautomycetin (TMC) is a linear polyketide metabolite produced by Streptomyces sp. CK4412 that has been reported to possess multiple biological functions including T cell-specific immunosuppressive and anticancer activities that occur through a mechanism of differential inhibition of protein phosphatases such as PP1, PP2A, and SHP2. We previously reported the characterization of the entire TMC biosynthetic gene cluster constituted by multifunctional type I polyketide synthase (PKS) assembly and suggested that the linear form of TMC could be generated via free acid chain termination by a narrow TMC thioesterase (TE) pocket. The modular nature of the assembly presents a unique opportunity to alter or interchange the native biosynthetic domains to produce targeted variants of TMC. Herein, we report swapping of the TMC TE domain sequence with the exact counterpart of the macrocyclic polyketide pikromycin (PIK) TE. PIK TE-swapped Streptomyces sp. CK4412 mutant produced not only TMC, but also a cyclized form of TMC, implying that the bioengineering A. Tripathi and S.-S. Choi contributed equally to this paper.
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ring sizes due to the skipping of the terminal polyketide synthase module rather than the selectivity of TE between two possible nucleophiles [5] ; however, the ability of PIK TE to accommodate different ring sizes in its large substrate binding tunnel is unique. In comparison, the biosynthetic assembly of TMC only produces linear polyketides through hydrolysis, catalyzed by the TE domain. The structure of TMC TE was recently analyzed, and the results suggested that the linear chemical structure of TMC is strictly determined by the pocket size of the active site involved in terminal processing of polyketides [10] . Further inspection of the shape and size of the active site tunnel in TMC TE revealed that the bulky side chains of Tyr161, Phe163 and Leu205 could constrict the exit side of the substrate tunnel, leaving only enough space for an extended acyl chain, rather than a macrocycle [10] .
We previously functionally characterized the entire TMC biosynthetic and regulatory pathway gene cluster from Streptomyces sp. CK4412 and demonstrated its identity by gene disruption and complementation analysis [9] . The TMC biosynthetic gene cluster revealed two multimodular Type I PKS assemblies, as well as 18 ORFs located at both flanking regions, the deduced functions of which were consistent with TMC biosynthesis. When both PKSs were analyzed, they were found to have 10 modules, with the TE domain located in the last module as expected. Earlier studies examining the ability of the TMC TE to catalyze the intramolecular cyclization of the linear pikromycin hexaketide intermediate suggested a high degree of stereoselectivity at the β-hydroxy position. In addition, the constrained active site pocket relative to macrolactone forming PIK TE rendered the processing of any substrate completely unproductive towards cyclization [10] . The strict catalytic activity observed in such proteins/enzymes is probably acquired through evolutionary pressure [4] . However, the same pressure also results in highly conserved DNA sequences among various secondary metabolic clusters. This often leads to 'hybridization' between two evolutionary distinct, but sequentially similar gene clusters to increase genetic and consequential chemical diversity [15] . Thus, we envisioned the terminal swapping of the TMC TE domain with the exact counterpart of the macrocyclic polyketide PIK TE to analyze the full length processing capability of the constructed TMC-pikTE cluster to catalyze any possible 12 or 14 membered rings.
To characterize the ability of swapped domains to conduct full length processing of substrate intermediates we substituted the TMC TE with the PIK TE using a PCR (Fig. 2a) . First, the PIK TE domain in PKS PikAIV was isolated from S. venezuelae by PCR. The PCR product was amplified without including the linker between the ACP domain and PIK TE domain, which avoided the overlap of linkers in front of TMC TE. After the PCR product was fused with apramycin resistance marker, it was inserted behind the linker located between the PKS ACP domain and the TMC TE domain in the TMC cluster of the pTMC2290 cosmid to replace the TMC TE. The replacement pertaining to the homologous recombination of TE domains was confirmed by PCR and sequencing of the selected colonies containing pTMC2290:: pik TE cosmid [9] . The mutant cosmid was then transformed through conjugation into Streptomyces sp. CK4412 host from E. coli ET12567/pUZ8002 harboring the pTMC2290:: pik TE via conjugation and the strain Streptomyces sp. CK4412-pikTE was obtained following double reciprocal recombination as shown in Fig. 2a . Next, we sought to determine the possible product of heterologously expressed Streptomyces sp. CK4412-PIK TE upon induction. To verify the expression of expressed chimeras, the mutants were grown for 7 days at 28 °C on a MS agar plate then subjected to organic extraction using ethyl acetate. To isolate the TMC-like compounds, transconjugant cells cultured on MS plates for 7 days at 28 °C were ground with equal volumes of water, and then adjusted to pH 4 with HCl. The acidic aqueous solution was extracted with equal volumes of ethyl acetate. Ethyl acetate was removed under vacuum using a rotor evaporator to give crude products that were attached to a reverse silica gel.
The plausible cyclized molecules were predicted based on the ability of PIK TE to catalyze macrolactonization through ester bond formation. The Streptomyces sp. CK4412-pik TE isolates were examined by sequential HPLC analysis followed by diagnostic NMR experiments conducted over Varian INOVA 700 MHz. High-resolution APCIMS spectra were measured at the University of Michigan core facility in the Department of Chemistry using an Agilent 6520 Q-TOF mass spectrometer equipped with an Agilent 1290 HPLC system. RP-HPLC was conducted using a Waters Atlantis ® Prep T3 OBD™ 5 μm 19 × 250 mm column, a Luna 5 μm C8(2) 100 Å, AXIA packed column and a solvent system of MeCN and H 2 O. The LCMS analysis of HPLC fractions was conducted using a Shimadzu 2010 EV APCI spectrometer. Any conceivable HPLC peaks with distinct polyketidic functionalities observed through NMR were subsequently subjected to LCMS, and the TIC trace of organic extract clearly + peak at 459.60, suggesting the molecular formula of C 26 H 46 O 6 with 4 degrees of unsaturation. In addition, a small amount of linear TMC was also detected in the PIK TE-swapped Streptomyces sp. CK4412, which is conceivable, as all the post-PKS modifying genes were still intact in the cluster. The formula C 26 H 46 O 6 detected for the new molecule suggested at least three possible downstream processing products of TMC by TMC-PikTE chimera to produce a macrolactone (Fig. S1) . Motivated by the experimental observation, we attempted to purify the cyclized molecule through HPLC of the crude extract. However, the analysis clearly suggested that the hybrid chimera only sparsely produced the possible cyclized molecule in vivo and there was not enough material for NMR structural characterization. Therefore, we decided to pursue the complete structural characterization by means of HRMS and MS/MS data that could be obtained from sub nanogram levels of sample. HRMS data with MS/MS fragmentation was acquired by optimizing the collision energy of qTOF to 20 V against the observed parent mass of [M-2H 2 (Fig. S2) , confirming the presence of a completely processed new macrolactone TMC analogue (Fig. 2b) . Moreover, the structure of the macrolactone TMC analogue corroborates with the inherent ability of PIK TE to efficiently catalyze the formation of its native 14 and 12 membered rings, pikromycin and 10-deoxymethynolide, respectively [1, 8] .
In summary, we provide here a proof of concept towards the lego-ization of polyketide biosynthesis by swapping the TMC TE domain that yields linear polyketide with a PIK TE domain that produces macrolactones to create a chimeric PKS hybrid and biologically synthesize a novel cyclized TMC derivative [11] . However, the low yield of the molecule directly reflects the importance of the TE in catalytic turnover and efficient accrual of products. Proficient activities of TEs are mostly concealed until compatible substrates are dispensed from their corresponding upstream domains; therefore, it is not surprising that the processing of the new molecule is diminished to a large extent. Accordingly, future studies are required to further refine this process. Our current scientific knowledge is limited by the delicate and complicated structure of the PKS assembly for determining linearity or cyclization of a polyketide chain. Therefore, an efficient technique based on this study for the manipulation of secondary metabolite clusters can play a crucial role in diversifying the chemical scaffolds belonging to the polyketide class of molecules.
